Abstract-This paper describes the models of a wind power system, such as the turbine, generator, power electronics converters and controllers, with the aim to control the generation of wind power in order to maximize the generated power with the lowest possible impact in the grid voltage and frequency during normal operation and under the occurrence of faults. The presented work considers a wind power system equipped with the doubly fed induction generator and a vector-controlled converter connected between the rotor and the grid. The paper presents comparative results between proportional-integral controllers and neural networks based controllers, showing that better dynamic characteristics can be obtained using neural networks based controllers.
I. INTRODUCTION
HE aim of the control system of a wind turbine is to obtain an automatic and secure operation of the turbine using an optimized flow of the generated power. This will reduce operation costs, produce a consistent dynamic response and improve the quality of power. Also, it helps in the assurance of the safety for the maximization of the energy captured due to the decrease of the turbine load.
The present development in the wind power generation domain is strong on the development of methods and technologies capable of providing the generation of energy based in systems using the asynchronous induction generator. This development is only possible with the association of the electric machine with power electronics converters capable of imposing to this type of machine conditions of variable speed for the actual power levels of produced energy, [1] .
In this scenario of integrated production, based on variable speed asynchronous machines, there are needed methods capable of controlling the system imposing an optimal power flow in the electric machine according to certain conditions of the rotor speed, [2] - [4] .
The application of artificial intelligence techniques in the fields of the power electronics and control systems has been growing. These techniques, based on intelligent systems such as fuzzy logic and neural networks (NN), need a large database and knowledge that together will describe the functioning with a logical analysis, instead of a mathematical analysis to control systems and to make possible the taking of decisions. An application example of such intelligent techniques in doubly fed induction generator (DFIG) control in presented in [5] . Actually, neural networks tend to be applied in the field of power electronics and control systems. The recognized advantages of using nonlinear controllers to control nonlinear systems are the main reason for using NN-based controllers in the DFIG system. In this research work it is presented an application of neural networks in vector control systems for a DFIG used in a wind power system. This technology, relatively new in this type of application, will be used to efficiently substitute conventional controllers.
For the vector control system it is used a feed forward back propagation neural network in order to substitute some parts of the vector control system. They are used to estimate and provide the reference signals to control the system variables. Each neural network is designed, trained and tested as a part of the control system with the aim of optimizing the production of energy, taking into account the quality of the power delivered to the grid. The neural networks are used to generate the references for the rotor-side and grid-side converters, decoupling the machine active and reactive powers.
It is verified that the use of neural networks has not been widely used in this field. Reference [6] presents a control system based on neural networks to generate a value for the aerodynamic power coefficient, C P . A similar work was presented in [7] . It is in this context that this work gives its contribution, presenting a control strategy using neural networks to generate the reference parameters to the control system. The active and reactive operating point changes during normal operation or, in the case of fault occurrence, linear controllers can't supply an enough damping or an acceptable performance. To avoid this drawback voltage and power regulators based on neural networks are introduced, offering more advantages than non-linear adaptive controllers in terms of robustness, performance, learning capability and greater flexibility. Thus, it is demonstrated that NN-based controllers can be implemented and used in real time control of wind energy conversion systems. The implemented system revealed to be more robust and with a superior performance than systems using traditional control methods like proportional-integral ones.
II. SYSTEM MODELS

A. Turbine and Drive-Train
For the determination of the aerodynamic power and torque C P (O, E) curves for each turbine are used. Each curve can be understood as a set of the turbine C P (O) curve for different values of the pitch angle E. Each operation point C P (O) with a particular E represents one equilibrium condition. Thus, the representation of the C P (O, E) curves is used considering that the turbine is in equilibrium in each point of its operation. In those conditions, the aerodynamic power is given by the following expression, [8] :
( 1) with R being the radius of the turbine and v the wind speed. The drive-train mechanical model is described by its spacestate equations, [9] : 
B. Doubly Fed Induction Generator
The model of the asynchronous machine uses the Park equations, [10] , expressing the variables in the dq reference system, rotating with the speed of the stator voltage (synchronous frame). Using the same notation used by Ong, [11] , the voltage equations of the stator circuit and of the rotor can be written of the following form: 
Assuming the usual approximations for this system, the developed torque is given by:
The rotor movement equation is obtained equating the accelerating torque to the inertia torque and friction:
C. Back-to-Back Converter
The model used for the converters is show in Fig. 1 and uses the average converter model in the dq reference frame, [12] .
The grid angular position T=Zt is obtained by means of a phase-locked loop available in the Matlab/Simulink environment. The operation of the grid-side converter is described by the equations: Fig.1 . Back-to-back converter for the grid connection of the DFIG.
being the d d and d q the converter duty cycles and R the resistance equivalent to the power flow in the DC bus.
The operation of the rotor-side converter is described similarly as the previous converter, as expressed in (10), being V DC and independent variable. 
D. Control Strategies
Generally, the main goals of the control strategies for wind turbines are, [13] :
x to maximize the produced energy; x to guarantee a secure functioning of the turbine; x to minimize the operation and maintenance costs through the load reduction and life time increase. With the global park controller, it is intended to control the power delivered by each turbine-generator unit in a way to optimize the operation of the wind park, delivering the maximum active power to the grid in optimum conditions of quality of service and safety. Also it is intended to control the reactive power flow according to the specified needs and restrictions from dispatch.
Thus, with the use of an adequate control strategy it is possible to, [14] :
x control the active power supplied by the turbine in order to optimize the operating point; x limit the active power in case of high wind speed; x control the reactive power flow between the generator and the grid, especially in the case of weak grids, where voltage fluctuations can occur; x guarantee the quality of service of the wind park, namely the grid voltage; x minimize the wind park exploration and maintenance costs. The conversion system contains two control modules, one for the rotor-side and another for the grid-side converter. The aim of the rotor-side converter is the independent control of the active power and reactive power which are controlled, not directly, but through the control of the rotor current. The aim of the grid-side converter is to keep the DC voltage constant in the intermediate capacitor and independent of the active power flow. The converter operates with unity power factor, and imposes the exchange of reactive power only through the stator. The rotor-side converter is controlled from the diagram presented in Fig. 2, [15] . In Fig. 2 , P S is the active power and Q S is the reactive power measured in the stator of the generator, P ref is the reference value for the active power and is obtained from the turbine characteristic for the actual rotor speed and pitch angle. The value of Q ref can be defined in a way to keep constant the voltage at the grid connection.
III. CONTROL SYSTEM USING NEURAL NETWORKS
The control system uses neural networks to substitute some blocks of the conventional vector control system using PI controllers. These neural networks were developed in the Matlab/Simulink environment and will allow to present comparisons between systems operated with PI controllers and with NNs-based controllers.
A. NN-based Controllers Architecture
For the rotor-side controller it was used a 7-15-10-2 neural network configuration as is shown in Table I , where the inputs are the actual stator and rotor currents, the rotor-side reference currents and the rotor angular speed; the outputs are the reference voltages to control the rotor-side converter.
For the grid-side controller it was used a 7-18-8-2 neural network configuration as is shown in Table II , where the inputs are the actual stator currents, the grid-side reference currents, and the angular frequency Z s ; the outputs are the reference voltages to control the grid-side converter.
In the neural network training, [16] , the learning algorithm updates the values of the weights and bias according to the gradient descendent method with momentum factor and adaptive learning ratio, also indicated in the tables. The sampling frequency is 20 kHz. The number of time delays used in each layer of the neural networks has been adjusted as a result of several simulations.
The used learning input-output pairs were generated by several system simulations and contemplate points with the machine operating in the all speed range: below, near and above the synchronism speed:
x below the synchronism speed, where active power must be supplied to the rotor of the machine; x near the synchronism speed, where the active power flow in the rotor of the machine is practically zero; x above the synchronism speed, where the machine supplies active power through the stator and the rotor. 
IV. RESULTS
The NN-based controllers' performance is demonstrated in three different conditions representative of the wind generation system operation: active power flow control, line faults and voltage ride-through capability. Also, results obtained with PI controllers are presented for comparative analysis.
A. Active Power Flow Control
In a first test it is intended to verify the response of the system generator/converter due to a variation of the active power flow. This variation consisted in applying a negative pulse of amplitude 'P= 0.2 p.u. The reference voltage signals for the controllers of the grid-side and rotor-side converters are registered in Fig. 3 and 4 , [the NN-based controllers in the blue colour and PI controllers in the green colour]. Fig. 5 shows the active power and reactive power flow.
The maximum error verified between the two types of control is less than 0.5%. However, the responses of the NNbased controllers present, generally, lower transient amplitudes and faster evolution to steady state. This behaviour is also verified in the main electrical and mechanical variables, where it is verified faster responses and lower transient effects. 
B. Distant Phase-to-Earth Fault
The following essay is a phase-to-earth fault in a line of the electrical network located far from the wind park and occurred at the instant time t=180 s and with duration of 't=180 ms. The fault impedance is about 1 m:. Fig. 6 and 7 show again the reference voltages used to control the stator-side and rotorside converters, respectively, with NN-based controllers (in the blue colour) and PI controllers (in the green colour) while in Fig. 8 is presented the active and reactive power flow under these conditions. The fault creates a negative sequence voltage component at the generator terminals that is responsible for the 100 Hz oscillations. During the fault period, it is verified that the NNbased controllers' response presents better results than the system that uses PI controllers, with a much lower oscillation. In Fig. 8 it can be verified that the disturbances caused in the active power and reactive power delivered to the grid are smoother with the use of the neural networks.
C. Voltage Ride-Through
Finally, a voltage sag at the generator terminals has been considered with a magnitude of 0.5 p.u. and a duration of 0.5 s. The same controls generated by the PI controllers and by the NN-based controllers are shown in Fig. 9 for the grid-side converter and in Fig. 10 for the rotor-side converter. Fig. 11 presents the active and reactive power flow in the stator-side converter. As a result of the voltage sag, the controllers react fast adjusting the converter voltage to the current requirements and limitations. The active power flow to the grid is naturally reduced and the rotor starts to accelerate; after fault clearing the system returns to its normal operating conditions. Consistently, the two NN-based controllers have better response with fast dynamics and less oscillatory behaviour. Also, smaller settling times can be observed. 
V. CONCLUSIONS
The proposed neural networks had been successfully trained as a part of the vector control system to estimate the grid-side and rotor-side converters reference voltages. The resulting controllers proved to have good characteristics in different operating conditions as was verified in the presented results.
Comparisons between systems with PI controllers and systems with NN-based controllers showed some differences between the two approaches. It can be noticed the following positive and advantageous aspects with the NN-based controllers: transient regimes present small peaks, or absence of them in same cases; faster system responses, reaching the steady state condition in shorter time.
Thus, it was demonstrated that the DFIG grid-side and rotorside converters control voltages can be obtained using NNbased controllers; these are a strong alternative to linear controllers and can substitute them with the referred advantages.
